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1. OVERVIEW 
A unique, highly modular and flexible 
underwater system for stereoscopic particle 
image velocimetry (PIV) measurements is 
presented. The instrument is intended for 
planar three-dimensional velocity 
measurements in large facilities such as towing  
tanks and tunnels.  
A novel stereo-PIV calibration technique is 
adopted for the probe. The central feature of 
the proposed technique is that the calibration of 
the stereoscopic system is based upon the 
measurement of a calibrated flow. This is 
achieved through a first two-dimensional 
calibration of the measurement plane using a 
single target point, followed by a perspective 
and laser sheet thickness optimization that 
makes use of the measurement of a known 
flow, e.g. a uniform flow. This technique 
results in three-dimensional measurements of 
enhanced accuracy with a simpler calibration 
phase, which compensates for the mechanical 
misalignment and eliminates the errors 
deriving from the classical target dot 
identification. The technique is particularly 
well suited for towing tanks and other large 
facilities. 
Finally the flow survey around an 
underwater vehicle by SPIV is presented. In 
such experiment large measurement area and 
high spatial resolution, required for CFD 
validation, need to be achieved simultaneously.  
 
 
 
 
 
 
 
2. THE PROBE 
The underwater stereo-PIV probe is 
designed in the form of modules that can be 
assembled into different configurations. The 
probe, when completely assembled, forms a 
streamlined torpedo-like tube with an external 
diameter of 150 mm (see figure 1). The tube is 
rigidly linked to a bench through two 
hydrodynamically optimized struts. The whole 
system is attached to a traversing system able 
to displace the probe with an accuracy of 1/20th 
mm. The stereoscopic system consists of two 
2048x2048 pixels CCD cameras, with a 12-bit 
resolution. The aperture and the focus of the 
camera lenses are remotely controlled. Each 
camera head is mounted on a rotation platform 
that is also remotely controlled for the 
adjustment of the angle between the axis of the 
camera optics and the sensor normal axis. This 
angle, also known as the Scheimpflug angle, 
allows the camera to focus on a measurement 
plane that is not perpendicular to the camera 
optical axis. The laser light is delivered to the 
underwater sheet optics through the struts and 
inside an articulated arm. Mirrors within the 
arm allow the beam to be correctly driven to 
the output optics. The laser optics consist of a 
set of cylindrical and spherical lenses, which 
respectively expand the beam into a sheet and 
focus it onto the measurement plane. The struts 
also host the camera cables, the cables of the 
three remotely controlled motors for the 
aperture, focus and Scheimpflug angle 
adjustments and the ventilation hose. The laser 
subsystem consists of a pulse-doubled 15 Hz 
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220 mJ Nd-YAG laser rigidly attached to the 
probe support bench. The optics coating is 
chosen to withstand this energy. 
The camera mirror sections are opened to 
water to avoid multimedia refractions and 
hence to minimize the optical aberrations 
through one single orthogonal water-air 
interface. 
3. SEMPLIFIED FLOW BASED 
STEREOSCOPIC CALIBRATION 
When performing a calibration designed 
upon the Soloff et al (1997)’s approach, the 
calibration phase is usually accomplished by 
the determination of polynomial mapping 
functions between the object and image planes. 
This type of calibration calculates the 
polynomial coefficients through least-square 
minimization applied to a set of three-
dimensional points given by various target 
positions and to their corresponding two-
dimensional images. Although this general 
procedure is the standard approach in most 
stereoscopic applications, it is known to be of 
low practicality in some instances where the 
measurement area is of difficult reach or when 
it is away from the control station. Di Felice 
and Pereira (2008) report the cases of PIV 
operation in a towing tank and in a large 
cavitation tunnel, both illustrating well the 
difficulties of calibrating a stereoscopic PIV 
system in environments where invasive 
structural elements or extended distances can 
easily impair the calibration process. 
 The technique proposed here (termed 
“flow-calibration”) establishes the 
correspondence between the camera and object 
planes based on the two-dimensional 
information provided by a standard target 
image, as in the Soloff et al (1997)’s approach. 
However, the mapping functions are here 
refined with the measurement of a constant 
flow field. In fact the knowledge of such a flow 
(i.e. W0(x,y,z,t) = constant), as recorded on 
both camera planes, provides additional 
information about the distortions, optical 
aberrations and misalignment errors of the 
system. Moreover this calibration is not 
affected by target positioning errors, since 
placing the target at different locations is not 
anymore needed. The determination of the 
mapping functions combined with the uniform 
flow data gives the capability to reconstruct the 
2D3C flow and at the same time to correct 
misalignment errors. The only strict 
requirement is that the uniform flow needs to 
be accurately generated. For this reason this 
technique is particularly suited for towing 
tanks, where it is possible to tow a 
stereoscopic-PIV probe in a virtually stagnant 
flow and at a precise translation speed. 
 Mathematical details of the calibration 
algorithm can be found in Grizzi et al (2008). 
In the following sections, a practical 
application of the SPIV probe  on an 
underwater vehicle (UWV), obtained with the 
new calibration procedure, is  presented. 
Furthermore the differences between the 
classical target based and the flow based 
calibration procedure are highlighted. 
4. EXPERIMENTAL SETUP 
 
Figure 2 describes the experimental setup. 
The stereo-PIV probe is supported by its own 
three-axis traversing mechanism. This latter 
sits on the rails of the tank carriage. The 
underwater vehicle (UWV) is rotated 90 
degrees to minimize the surface effects on the 
flow around the body. The carriage speed W0 
is computer-controlled and maintained within 
0.1% of the nominal value. The undisturbed 
flow, which is required to perform the second 
stage of the new calibration sequence, is 
measured without the UWV. A photograph of a 
calibration/alignment pin is shown in the same 
figure.  
A goal of the measurement campaign was to 
obtain data to validate viscous CFD calculation. 
In such case high resolution of the 
measurement on large area shall be achieved. 
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However, the only way to guarantee high 
spatial resolution consists in measuring smaller 
areas, translating the measurement system to 
adequate positions and finally patching 
together the individual areas to build the 
complete velocity field. To that purpose, the 
PIV probe is translated in steps such that each 
patch overlaps the adjacent ones to some 
amount (figure 3).   
5. RESULTS 
 
Figure 4 shows the overall results of a test 
campaign obtained on the UWV. The 
measurement planes consist of about 100000 
measurement points with a grid size of 2.5 mm. 
As an example in figure 5 is shown the twin-
vortex system generated by the sail. The sail 
behaves like a wing having a large thickness 
and low aspect ratio. Because the UWV is 
moving at 0° drift angle, the pressure 
distribution created by the body geometry 
generates a swirling cross-flow characterized 
by two vortices of opposite rotation. The 
W/W0 plot shows also a velocity deficit in the 
wake of the fin, as expected. 
Figure 6 shows the non-dimensional velocity 
W/W0 calculated using the standard full target 
calibration (Wd) and with a six-point 
calibration (Wp). The flow-calibration provides 
a higher flow uniformity in the far field regions. 
More importantly the alignment errors, caused 
by the inaccurate positioning of the target plate 
on the plane of the light sheet, are here fully 
accounted for with respect to the standard 
calibration, as shown in the right map of figure 
7. One can observe a clear linear gradient 
causing a 0.6% difference between the top-
right corner and the bottom-left corner of the 
field of view. This corresponds to roughly a 
misalignment of 2 degrees between the target 
plane and the light sheet. In the case of this 
specific application, this sort of error can not be 
monitored because of the experimental 
environment (scale, mechanical errors, etc) and 
is therefore difficult to remove. The flow-
calibration provides a simple means to cancel 
this error. 
6. CONCLUSION 
 
The underwater SPIV probe is a powerful 
tool for flow survey analysis in towing tank.  
The flow-calibration method is a simple and 
efficient way to perform the calibration of 
stereoscopic PIV systems and provide the 
following technical advantages: 
 
1) It does not require the standard target plate, 
thus cancelling the need for the usually 
difficult operation of target placement in 
and alignment with the plane of the laser 
light sheet. 
2) The calibration is obtained in a single 
towing tank run of the carriage 
3) When calibrating simultaneously also the 
alignment of the measurement plane with 
the model is obtained saving facility time. 
4) High accuracy is achieved and calibration 
is performed on the whole field of view of 
the cameras 
5) The method is particularly suited for 
towing tank applications where creating a 
uniform flow is generally straightforward. 
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Figure 1: underwater SPIV System 
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Figure 2: Experimental setup: schematics of the towing tank (top left) and of the setup (top right), view of 
the probe on its traversing system (center left), light sheet in operation (center right and bottom left), 
calibration/alignment pin on body 
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Figure 4: Axial velocity distribution of the flow of UWV in several planes. 
Figure 3: Several measurements are patched together to obtain high spatial
resolution on large measurement areas 
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Figure 6: Comparison of the normalized velocity maps between a 6-point calibration (right) and a 
full-target calibration (center), and difference (right). Differences are due to the misalignment error 
of the classical target based calibration. 
 
 
 
 
Figure 5: Tip vortex couple generated by the bridge fin (left) and corresponding cross-flow 
(right top) and longitudinal velocity fields (right bottom) 
